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O R I G I N A L  A R T I C L E

The surgical options for the management of kera-
toconus are in constant evolution.1 During the 
past two decades, penetrating keratoplasty has 

gone from a predominant position to being relegated 
to a last resort treatment. Corneal surgeons currently 
have a broad number of techniques to treat keratoco-
nus before getting to penetrating keratoplasty. Among 
the most used is intracorneal ring segments (ICRS) im-
plantation. Although this technique’s initial theoreti-
cal idea has not changed considerably over the years, 

the materials, designs, and surgical procedures have 
experienced a remarkably significant evolution.2,3 At 
the same time, the mode of understanding keratoco-
nus through complementary tests has led treatments 
to focus on new aspects of this pathological condition, 
such as keratoconus phenotype or aberrometry.4,5

The efficacy of ICRS implantation has been widely 
demonstrated in the peer-reviewed literature.6 Their 
use in patients with keratoconus often improves vi-
sual acuity, keratometry, and coma, and reshapes the 

ABSTRACT

PURPOSE: To analyze the clinical outcomes obtained with 
asymmetric intracorneal corneal ring segments (ICRS) of 
variable thickness and width in patients with keratoconus, 
identifying predictive parameters of the final visual outcome.

METHODS: This prospective, longitudinal, non-comparative 
clinical trial enrolled 35 eyes of 27 patients with keratoconus 
with a significant difference among corneal topographic and 
comatic axes. All eyes underwent implantation of AJL-pro+ 
ICRS (AJL Ophthalmic). Visual, refractive, corneal topograph-
ic and aberrometric, and pachymetric changes were evalu-
ated during a 3-month follow-up.

RESULTS: Significant changes were detected at 3 months af-
ter surgery in manifest sphere and cylinder, spherical equiv-
alent, overall blur strength, and corrected distance visual 
acuity (CDVA) (P < .001). No losses of two or more lines of 

CDVA were observed, whereas 94.3% (33) of eyes gained one 
or more lines of CDVA. Keratometric readings and the mag-
nitude of anterior corneal astigmatism were significantly re-
duced with surgery (P < .001), as well as the levels of corneal 
coma (P < .001) and spherical aberration (P = .007). Likewise, 
a significant change toward less prolateness was observed 
(P < .001). Significant correlations were found among the 
change in CDVA and preoperative CDVA (r = -0.532, P = .001), 
and between the change in primary coma root mean square 
and the preoperative level of spherical aberration (r = -0.542, 
P = .001) and coma root mean square (r = -0.719, P < .001). 

CONCLUSIONS: The implantation of the ICRS evaluated in 
keratoconus with no coincidence between topographic and 
comatic axes regularizes the corneal shape and reduces the 
level of higher order aberrations, inducing a significant visual 
improvement.
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cornea.7 However, despite all of the technological ad-
vances in diagnosis, surgical technique, and nomo-
grams, poor and disappointing results with ICRS im-
plantation have been reported in some cases, forcing 
positional changes in second surgeries and even ex-
plantation.8-10 One possible explanation is that, until 
now, keratoconus with asymmetric patterns (“snow-
man” and “irregular croissants,” not concordance 
among topographic and coma axes) was treated with 
symmetrical ring segments (same thickness and base 
width across all of the segment). This fact could ex-
plain the lack of concordance obtained in these cases 
between the visual and tomographic results.11 For this 
reason, ICRS of constant thickness and base width 
have been stated to be excellent astigmatic correctors 
but deficient in the control of coma, which could be 
fundamental for the acquisition of excellent visual re-
sults.12 This hypothesis has led the scientific commu-
nity to investigate different variations of ring segment 
designs, including asymmetric segments.13-16

A new type of ICRS (AJL Pro+; AJL Ophthalmic) 
has been recently tested and approved for its use in 
the European Community. These ring segments show 
variations along their arc length in terms of thickness 
and base width.17 A pilot study has been conducted 
to evaluate these asymmetric ICRS (using a technique 
of mechanical dissection for their implantation), con-
firming that they are safe and especially effective for 
controlling the level of primary coma aberration in 
eyes with mild to moderate keratoconus, showing a 
discrepancy among topographic and comatic axes be-
tween 30° and 105°.17 The current study also analyzed 
the visual, refractive, tomographic, and aberrometric 
results obtained with the use of these new ring seg-
ments in patients with the same type of keratoconus, 
but additionally identifying some predictors of the fi-
nal visual outcome achievable with these implants.

PATIENTS AND METHODS
Patients

This was a prospective, single-center, longitudi-
nal, non-comparative clinical trial enrolling a total 
of 35 eyes of 27 patients with keratoconus. All eyes 
underwent implantation of AJL-pro+ asymmetric 
ICRS of variable thickness and width (AJL Ophthal-
mic) in the Clinique Internationale d’Ophtalmologie 
(Tunis). This study was approved by the Ethics 
Committee of the institution and was performed in 
accordance with the ethical standards laid down in 
the 1964 Declaration of Helsinki. All patients pro-
vided written informed consent to be included in 
the study after a careful explanation of its nature, 
advantages, and risks.

Inclusion criteria for the study were patients 18 years 
or older, diagnosis of keratoconus according to the stan-
dard diagnostic criteria (asymmetric topographic pattern 
and at least one of the following clinical signs on slit-
lamp examination: stromal thinning, conical protrusion 
of the cornea at the apex, Fleischer ring, or Vogt striae),18 
presence of mild to moderate keratoconus according to 
the Amsler-Krumeich grading system (grades I to III),19 
inferior-superior asymmetry index of more than 2.00 diop-
ters (D), and a difference among topographic and comatic 
axes (between 30° and 85°: “duck pattern” or “irregular 
croissant pattern”; between 85° and 105°: “snowman pat-
tern”). To avoid the potential bias introduced by the cor-
relation between fellow eyes, only one eye was included 
per patient, except in those cases in which a difference 
between right and left eyes of more than two grades of 
the Amsler-Krumeich grading system was present (sig-
nificant interocular asymmetry). In cases where both eyes 
were elegible for surgery but with no stage difference, the 
eye with higher keratometry values and poorer visual 
acuity was included in the study. Exclusion criteria were 
severe keratoconus (grade IV, Amsler-Krumeich), previ-
ous ocular surgery, active systemic or ocular diseases, 
ocular media opacity, and pregnancy. No contact lens 
fitting was prescribed and they were not worn by any pa-
tient during the follow-up of this study.

examination Protocol
A complete preoperative examination was per-

formed in all cases, including anamnesis, manifest 
and cycloplegic refraction, corrected distance visual 
acuity (CDVA), slit-lamp examination, tomographic 
analysis with the Pentacam HR system (Oculus Optik-
geräte GmbH) that included evaluation of corneal to-
pography, aberrometry and pachymetry, infrared pu-
pillometry, corneal topography and aberrometry with 
the OPD Scan III system (Nidek Co Ltd), and fundus 
evaluation under pupil dilation. During the postopera-
tive follow-up, patients were examined the day after 
surgery and at 1 and 3 months after surgery. The integ-
rity of the cornea was evaluated on the first postopera-
tive day with the slit lamp. The other two postopera-
tive examinations included measurement of manifest 
refraction and CDVA, slit-lamp biomicroscopy, corne-
al topography and aberrometry, and pachymetry. 

ring segments
AJL-pro+ ring segments with variable thickness 

and width are an evolution of classic intracorneal Fer-
rara rings, having the same triangular cross-section. 
However, the thickness and width of the base can be 
modified in these new segments within a predefined 
range. Specifically, the ring segment model provid-
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ing an optical zone of 5 mm (arc-lengths of 160° and 
210°) presents an apical length of 5.5 or 5.7 mm, a vari-
able base width of 0.60 to 0.80 mm or 0.80 to 0.60 mm, 
variable thickness from 0.15 to 0.25 mm (clockwise or 
counterclockwise) or from 0.15 to 0.30 mm (clockwise 
or counterclockwise), and an orifice of 0.20 mm in di-
ameter in each extreme of the ring. Concerning the ring 
segment model providing an optical zone of 6 mm, the 
same possibilities of variation in thickness and base 
width are available, but the apical length is 6.4 or 6.7 
mm. The selection of the most adequate option to im-
plant in each case was made according to the manu-
facturer’s recommendation according to its nomogram 
(AJL nomogram for AJL-pro+ ring segments), which is 
based on the developments of Dr. Kammoun. This no-
mogram has been described in detail previously.17

surgical technique
All surgical interventions were performed by the 

same expert surgeon (HK) using topical anesthesia 
(two proparacaine eye drops, 10 minutes before sur-
gery). The corneal incision was placed on the steepest 
meridian according to the topographic map in all cas-
es. The tunnels were created using the Intralase FS 60 
femtosecond laser system (Johnson & Johnson Vision). 
The center of the pupil was marked on the slit lamp 
and then the vacuum suction ring was positioned onto 
the eye. The disposable glass lens of the laser system 
was then applanated to the cornea to fixate the eye. 
The photodisruption of the femtosecond laser was 
then initiated, creating a continuous circular stromal 
tunnel at approximately 80% of corneal depth. 

After the creation of the tunnels, ring segments 
were inserted throughout the incision into the tunnels 
and centered with the help of a hook. In all patients 
and eyes (35 eyes), the center of the ring segments was 
aligned to the flattest meridian of the cornea and all 
segments were centered in the pupil center. As post-
operative prophylactic treatment, topical tobramycin-
dexamethasone eye drops were prescribed to be used 
postoperatively every 6 hours for 1 week. Likewise, a 
topical lubricant containing polyethylene glycol 0.4% 
and propylene glycol 0.3% was prescribed to be ap-
plied every 6 hours for 1 month.

statistical analysis
Data analysis was performed with the commercial-

ly available software package SPSS version 22.0 (IBM 
Corporation). Normality of data samples was evaluat-
ed by the Kolmogorov-Smirnov test. The paired t test 
was used to assess the significance of differences be-
tween consecutive visits of normally distributed vari-
ables. The Wilcoxon test was used for non-normally 

distributed data instead. The Pearson or Spearman 
correlation coefficients were calculated for normally 
and non-normally distributed data, respectively, to 
evaluate the relationship between different clini-
cal variables evaluated. For the analysis of refractive 
changes, all spherocylindrical refractions obtained 
were converted to vectorial notation using the power 
vector method described by Thibos and Horner.20 A 
P value of less than .05 was considered statistically 
significant for all statistical tests.

RESULTS
Patients

Thirty-five eyes of 27 patients (10 men, 17 women) 
with a mean age of 30.5 years (range: 18 to 55 years) were 
included in the current study. A total of 13 right (37.1%) 
and 22 left (62.9%) eyes were included. Concerning the 
topographic pattern, 30 eyes (85.7%) showed an “ir-
regular croissant” pattern, whereas only 5 eyes (14.3%) 
showed a “snowman” pattern. One ring segment was 
implanted in all cases. Ring segments of 5 mm were im-
planted in 16 patients (45.7%), whereas ring segments of 
6 mm were implanted in 19 patients (54.3%). The most 
implanted arc length was 160° (33 eyes, 94.3%); 210° 
was only used in 2 eyes (5.7%). The ring segments with 
progression in thickness from 150 to 300 µm were the 
most implanted (31 eyes, 88.6%), with the use of ring 
segments 150 to 250 µm in the remaining cases.

Visual and refractiVe outcomes
The visual and refractive data obtained during the 

3-month follow-up in the evaluated sample are sum-
marized in Table A (available in the online version of 
this article). At the last postoperative visit, 3 months af-
ter surgery, significant changes were detected in mani-
fest sphere and cylinder, spherical equivalent, overall 
blur strength, and CDVA (P < .001). The percentage of 
eyes achieving CDVA of 0.30 logMAR or better changed 
from 20.0% (n = 7) preoperatively to 88.6% (n = 31) at 
3 months after surgery (Figure 1). At 3 months postop-
eratively, no losses of two or more lines of CDVA were 
observed in any case (Figure 2). In contrast, 94.3% (n = 
33) of eyes gained one or more lines of CDVA (Figure 2). 

anterior corneal toPograPhic and aberrometric 
changes

Changes in corneal topographic parameters of the 
anterior corneal surface are summarized in Table B 
(available in the online version of this article). A sta-
tistically significant reduction was observed 3 months 
after surgery in the steepest keratometry, mean kera-
tometry, magnitude of anterior corneal astigmatism, 
inferior-superior asymmetry index, and surface asym-
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metry index (P < .001). Likewise, a significant change 
was also observed in anterior corneal asphericity, 
leading to a lower prolaticity (P < .001). Concerning 
higher order aberrations, a statistically significant re-
duction was found in spherical aberration (P = .007), 
primary coma (P < .001), and irregular (calculated con-
sidering all Zernike terms except those corresponding 
to primary spherical aberration, primary coma and tre-
foil) root mean square (RMS) (P < .001).

Pachymetric changes
Changes in central and minimum corneal thick-

nesses are represented in Figure 3. A statistically sig-
nificant increase was found in both pachymetric pa-
rameters (P < .001).

correlation of Visual and aberrometric changes 
With baseline Parameters 

The difference between postoperative and preopera-
tive logMAR CDVA, which represents the visual change 
induced with surgery, was significantly correlated with 

the preoperative value of logMAR CDVA (r = -0.532, P 
= .001). Likewise, a significant correlation of the dif-
ference between the postoperative and preoperative 
magnitude of primary coma RMS, which represents 
the change induced with surgery in this parameter, was 
found with the preoperative values of primary spheri-
cal aberration (r = -0.542, P = .001) and coma RMS (r 
= -0.719, P < .001) (Figure 4). No significant correla-
tions of the changes induced with surgery in CDVA (r = 
0.203, P = .241) and primary coma RMS (r = 0.125, P = 
.476) with preoperative corneal asphericity were found.

comPlications
No intraoperative and postoperative complica-

tions were recorded in the sample evaluated during 
the follow-up.

DISCUSSION
The efficacy and safety of a new model of asym-

metric ICRS were studied in a sample of 35 patients 

Figure 1. Distribution of preoperative and postoperative logMAR cor-
rected distance visual acuity (CDVA) in the sample evaluated.

Figure 2. Distribution of the change in lines of corrected distance visual 
acuity (CDVA) at 3 months after surgery in the sample evaluated. 

Figure 3. Changes in terms of central (CCT) and minimum (MCT) cor-
neal thickness with surgery in the sample evaluated.

Figure 4. Scatterplot showing the relationship between the change in 
primary coma root mean square (RMS) with surgery and the preopera-
tive magnitude of primary coma RMS. The adjusting line to the data 
obtained by means of the least-squares fit is shown.
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with keratoconus with specific phenotypes. Of the five 
distinct categories described by Alfonso,21 based on 
the morphological features, eyes with “irregular crois-
sant” patterns with differences between topographic 
and comatic axes greater than 30° or “snowman” pat-
terns with perpendicular (between 85° and 105°) axes 
were included. The analysis included visual, refrac-
tive, topographic, and aberrometric changes.

Regarding refraction, a significant improvement in 
almost all parameters was found in the current series. 
Specifically, the sphere was reduced from a mean pre-
operative value of -2.98 ± 3.19 D to a mean postopera-
tive value of -1.71 ± 2.48 D (P < .001). The astigmatic 
component, which is one of the most important in kera-
toconic eyes, changed significantly from -4.14 ± 1.30 D 
preoperatively to -1.66 ± 0.84 D (P < .001) at 3 months 
after the surgery. Spherical equivalent was reduced in 
approximately 55% from a mean preoperative value of 
-5.55 ± 3.33 D to a mean postoperative value of -2.54 
± 2.59 D (P < .001). No significant changes with sur-
gery were found in the power vector components of 
manifest astigmatism. It should be considered that the 
contribution of posterior corneal astigmatism to total 
corneal astigmatism and, consequently, to the refrac-
tive cylinder may be relevant in keratoconic eyes,22 
limiting or introducing variability in the relationship 
between changes in anterior and total corneal astigma-
tism. Despite this fact, blur strength was reduced by 
48.6% from a mean preoperative value of 5.55 ± 3.33 D 
to a mean postoperative value of 2.85 ± 2.42 D (P < 
.001). This parameter is not usually described in other 
studies, but it is believed that it may inform more pre-
cisely about significant changes in refraction. 

Different studies have also reported significant chang-
es in manifest refraction components after implanta-
tion of ICRS with different designs. Vega-Estrada et al14 
reported the most significant reduction in spherical 
equivalent up to 7.00 D (from -12.38 ± 3.77 to -5.00 ± 
3.26 D) with an asymmetric ICRS of 353°. On the other 
hand, Kang et al23 showed a minor reduction from a 
preoperative value of -7.81 ± 4.94 D to a mean postop-
erative value of -6.75 ± 4.05 D after 5 years of follow-up 
in 30 keratoconic eyes implanted with INTACS. In a 
more recent and similar study, Prisant et al13 reported a 
significant change of the spherical equivalent in kerato-
conic eyes implanted with another type of asymmetric 
ICRS, with a change from a mean preoperative value of 
-3.85 D to a mean postoperative value of -1.91 D. Ar-
belaez and Arbelaez24 used the same asymmetric ICRS 
as Prisant et al in duck phenotypes reporting signifi-
cant reductions of both spherical equivalent and mean 
sphere. Regarding maximal keratometry, Arbelaez and 
Arbelaez24 observed an improvement from a mean pre-

operative value of 53.70 D to a mean postoperative val-
ue of 48.70 D.

Concerning asphericity, a significant change was ob-
served in the anterior corneal surface. The value of Q 
was halved (from a mean preoperative value of -0.64 ± 
0.25 D to a mean postoperative value of -0.37 ± 0.23 D), 
which can be related to the central flattening induced 
by the ICRS. These findings were also described by 
Utine et al25 in patients with keratoconus treated with 
symmetric and constant thickness ICRS. The authors 
concluded that the use of ICRS could resemble the ante-
rior corneal asphericity of those patients to the normal 
values (-0.26 ± 0.18). Therefore, the excessive prolatic-
ity can be converted to a normal prolate corneal shape 
after the implantation of ICRS. 

Quality of vision is one of the essential parameters 
in patients with keratoconus. The main actors of this 
characteristic are corneal and total aberrations. Pri-
mary coma and higher order aberrations are the main 
aberrations degrading the visual quality in keratoco-
nus.18,19 For many years and in many studies, aber-
rometric findings were not considered to explain the 
results of ICRS. Even in recent articles, aberrometric 
data are not available.13 

Low changes in primary coma have been described. 
In patients with keratoconus with no coincident topo-
graphic and comatic axes, Alfonso et al26 found a de-
crease in coma-like RMS from 0.80 ± 0.53 µm before 
surgery with constant and symmetric ICRS to 0.61 ± 
0.59 µm for a 4.5-mm pupil. Vega-Estrada et al14 re-
ported a lower change from 4.12 to 3.55 µm in corneal 
coma-like aberrations in keratoconic eyes implanted 
with other type of asymmetric ICRS, concluding that 
further design enhancement was needed to increase 
the reduction of the asymmetric corneal aberrations. 
Al-Tuwairqi et al16 studied two different groups of pa-
tients treated with different rings. The group treated 
with a constant thickness and symmetric ICRS did not 
change the primary coma. However, coma improved 
significantly in the patients treated with a 360° ICRS 
(Myoring). In our study with an asymmetric ICRS with 
variable thickness and width, primary coma was de-
creased by 41.4% (P < .001), confirming the remark-
able efficacy of this design of ring segment to reduce 
this type of aberration that, according to Piñero et al,12 
had a negative impact on visual acuity due to the dis-
tortion that induces. 

There are studies that have also analyzed the gen-
eral impact of all higher order aberrations, not only 
coma, in eyes implanted with ICRS by means of the 
analysis of changes in higher order aberrations RMS 
and other aberrometric parameters. In a study with a 
large sample of 611 keratoconic eyes treated with con-
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stant thickness and symmetric ICRS, Vega-Estrada et 
al27 did not detect significant changes in higher order 
aberrations. Following this line, Pérez-Merino et al28 
did not find any significant decrease in the overall 
amount of higher order aberrations in a series of 19 
keratoconic eyes with symmetric ICRS. However, in 
our study, irregular higher order aberrations RMS de-
creased significantly from a mean preoperative value 
of 4.58 ± 2.48 µm to a mean postoperative mean value 
of 2.69 ± 1.10 µm. This change represents a reduc-
tion of 41.2% in irregular higher order aberrations, 
confirming the great effect of these new asymmetric 
rings in reducing this kind of aberration. A coma re-
duction can be also present in the use of one ring seg-
ment compared to symmetrical two segment rings.12 
Future comparative studies should confirm whether 
asymmetric ring segments can provide a significantly 
higher reduction of primary coma compared to the use 
of only one symmetric ring segment.

The improvement of refraction, the topographic 
regularization, the approach of the Q value to normal 
values, and the intense decrease in primary coma and 
higher order aberrations are consistent reasons explain-
ing the excellent visual outcomes obtained with the 
asymmetric ICRS evaluated here. In our series, CDVA 
improved from a mean preoperative value of 0.44 ± 
0.11 logMAR to a mean postoperative value of 0.22 ± 
0.13 logMAR (P < .001). Prisant et al13 reported a signifi-
cant change in CDVA using another type of progressive 
thickness ICRS from a mean preoperative value of 0.31 
logMAR to a mean postoperative value of 0.21 logMAR. 
Similarly, Arbelaez and Arbelaez24 presented a signifi-
cant improvement of uncorrected distance visual acu-
ity from a mean preoperative value of 0.70 logMAR to 
a mean postoperative value of 0.22 logMAR in duck 
phenotypes. In CDVA, the results of Arbelaez and Ar-
belaez24 were similar to those reported in this study. 
Furthermore, in our series, the percentage of eyes that 
reached a CDVA better than 0.30 logMAR changed from 
20% preoperatively to 88.6% after the implantation 
of the ICRS. Among all patients, 94.3% gained one or 
more lines of CDVA, which is the highest percentage re-
ported to this date in studies evaluating the outcomes of 
ICRS. Additionally, no patient lost more than one line 
of visual acuity.

Finally, no severe adverse events occurred during 
the follow-up in the current study, confirming the 
safety of the implant and the technique. The implanta-
tion of ICRS assisted by femtosecond laser has shown 
to be a safe and reproducible technique.29 No corneal 
structural alterations were detected, with no signifi-
cant changes in minimum and central corneal thick-
nesses during the follow-up.

This study was not without limitations. Different 
keratoconus phenotypes were included in this study 
but the results could not be analyzed separately due to 
the small sample. In addition, postoperative follow-up 
was only 3 months. It is true that topographic changes 
have been reported to happen 6 months after ICRS im-
plantation in some studies. However, in other stud-
ies, 3 months is considered to be a good end-point 
to analyze results of ICRS implantation.30 Regarding 
this aspect, it is important to mention that, to get the 
CE marking, the results of the ICRS used in this study 
were tested at 3 months. The inclusion of both eyes 
in asymmetric cases may also be a limitation, but it is 
believed that significant interocular asymmetry reduc-
es considerably the selection bias. Despite these ac-
knowledged limitations, we believe the results of this 
study are compelling and support the use of this ICRS 
in asymmetric keratoconus phenotypes.

The implantation of AJL-pro+ ICRS with variable 
thickness and base width in keratoconus with no co-
incidence between topographic and comatic axes in-
duces a significant reduction of the prolate shape of 
the cornea and irregularity, an important improve-
ment in primary coma and higher order aberrations 
and a significant reduction of refractive components 
leading to improvement in CDVA. All of these chang-
es are generated with no structural alterations and no 
severe complications associated. Although this study 
cannot answer the question of whether asymmetric 
ICRS with variable thickness and base width enhance 
vision more than constant thickness ICRS, our results 
seem to indicate that this alternative can be promising 
for specific keratoconus phenotypes. Future studies 
should be conducted to evaluate the long-term out-
comes of this type of implant and to optimize further 
the nomogram of implantation.

AUTHOR CONTRIBUTIONS
Study concept and design (DPP, JÁ, GG); data collec-

tion (HK); analysis and interpretation of data (DPP, JÁ, 
RIB, GG); writing the manuscript (DPP, JÁ, GG); critical 
revision of the manuscript (HK, DPP, JÁ, RIB, GG); sta-
tistical expertise (DPP, JÁ); supervision (RIB, GG)

REFERENCES
1.  Mohammadpour M, Heidari Z, Hashemi H. Update on manage-

ments for keratoconus. J Curr Ophthalmol. 2017;30(2):110-124. 
doi:10.1016/j.joco.2017.11.002

2.  Sakellaris D, Balidis M, Gorou O, et al. Intracorneal ring seg-
ment implantation in the management of keratoconus: an ev-
idence-based approach. Ophthalmol Ther. 2019;8(S1)(suppl 
1):5-14. doi:10.1007/s40123-019-00211-2

3.  Vega-Estrada A, Alio JL. The use of intracorneal ring segments 
in keratoconus. Eye Vis (Lond). 2016;3(1):8. doi:10.1186/s40662-
016-0040-z



 • Vol. 37, No. 10, 2021 699

4.  Lisa C, Fernández-Vega Cueto L, Poo-López A, Madrid-Costa 
D, Alfonso JF. Long-term follow-up of intrastromal corneal 
ring segments (210-degree arc length) in central keratoconus 
with high corneal asphericity. Cornea. 2017;36(11):1325-1330. 
doi:10.1097/ICO.0000000000001339

5.  Fernández-Vega Cueto L, Lisa C, Madrid-Costa D, Merayo-
Lloves J, Alfonso JF. Long-term follow-up of intrastromal 
corneal ring segments in paracentral keratoconus with co-
incident corneal keratometric, comatic, and refractive axes: 
stability of the procedure. J Ophthalmol. 2017;2017:4058026.

6.  Benoist d’Azy C, Pereira B, Chiambaretta F, Dutheil F. Efficacy 
of different procedures of intra-corneal ring segment implan-
tation in keratoconus: a systematic review and meta-analysis. 
Transl Vis Sci Technol. 2019;8(3):38. doi:10.1167/tvst.8.3.38

7.  Park SE, Tseng M, Lee JK. Effectiveness of intracorneal ring seg-
ments for keratoconus. Curr Opin Ophthalmol. 2019;30(4):220-
228. doi:10.1097/ICU.0000000000000582

8.  Bautista-Llamas MJ, Sánchez-González MC, López-Izquierdo I, 
et al. Complications and explantation reasons in intracorneal 
ring segments (ICRS) implantation: a systematic review. J Refract 
Surg. 2019;35(11):740-747. doi:10.3928/1081597X-20191010-02

9.  Monteiro T, Mendes JF, Faria-Correia F, Franqueira N, Madrid-
Costa D, Alfonso JF. Adjustment of intrastromal corneal ring seg-
ments after unsuccessful implantation in keratoconic eyes. Cor-
nea. 2018;37(2):182-188. doi:10.1097/ICO.0000000000001449

10.  Chan K, Hersh PS. Removal and repositioning of intracorneal 
ring segments: improving corneal topography and clinical out-
comes in keratoconus and ectasia. Cornea. 2017;36(2):244-248. 
doi:10.1097/ICO.0000000000001075

11.  Lyra JM, Lyra D, Ribeiro G, Torquetti L, Ferrara P, Machado 
A. Tomographic findings after implantation of Ferrara intra-
stromal corneal ring segments in keratoconus. J Refract Surg. 
2017;33(2):110-115. doi:10.3928/1081597X-20161027-02

12.  Piñero DP, Alio JL, Teus MA, Barraquer RI, Uceda-Montañés A. 
Modeling the intracorneal ring segment effect in keratoconus 
using refractive, keratometric, and corneal aberrometric data. 
Invest Ophthalmol Vis Sci. 2010;51(11):5583-5591. doi:10.1167/
iovs.09-5017

13.  Prisant O, Pottier E, Guedj T, Hoang Xuan T. Clinical outcomes 
of an asymmetric model of intrastromal corneal ring segments 
for the correction of keratoconus. Cornea. 2020;39(2):155-160. 
doi:10.1097/ICO.0000000000002160

14.  Vega-Estrada A, Chorro E, Sewelam A, Alio JL. Clinical out-
comes of a new asymmetric intracorneal ring segment for the 
treatment of keratoconus. Cornea. 2019;38(10):1228-1232. 
doi:10.1097/ICO.0000000000002062

15.  Torquetti L, Cunha P, Luz A, et al. Clinical outcomes after im-
plantation of 320°-arc length intrastromal corneal ring segments 
in keratoconus. Cornea. 2018;37(10):1299-1305. doi:10.1097/
ICO.0000000000001709

16.  Al-Tuwairqi WS, Osuagwu UL, Razzouk H, AlHarbi A, Og-
buehi KC. Clinical evaluation of two types of intracorne-
al ring segments (ICRS) for keratoconus. Int Ophthalmol. 
2017;37(5):1185-1198. doi:10.1007/s10792-016-0385-2

17.  Cuiña-Sardiña R, Arango A, Alfonso JF, Álvarez de Toledo J, Pi-

ñero DP. Prospective clinical evaluation of the effectiveness of 
asymmetric intracorneal ring with variable thickness and width 
for the management of keratoconus. J Cataract Refract Surg. 
2021;47(6):722-730. doi:10.1097/j.jcrs.0000000000000525

18.  Piñero DP, Nieto JC, Lopez-Miguel A. Characterization of 
corneal structure in keratoconus. J Cataract Refract Surg. 
2012;38(12):2167-2183. doi:10.1016/j.jcrs.2012.10.022

19.  Alió JL, Piñero DP, Alesón A, et al. Keratoconus-integrated 
characterization considering anterior corneal aberrations, in-
ternal astigmatism, and corneal biomechanics. J Cataract Re-
fract Surg. 2011;37(3):552-568. doi:10.1016/j.jcrs.2010.10.046

20.  Thibos LN, Horner D. Power vector analysis of the opti-
cal outcome of refractive surgery. J Cataract Refract Surg. 
2001;27(1):80-85. doi:10.1016/S0886-3350(00)00797-5

21.  Alfonso JF. Clasificación del queratocono basada en fenotipos 
clínicos. Influencia del astigmatismo congenito en la mor-
fología del queratocono. In: del Buey Sayas A, Peris Martínez 
C, eds. Monografías SECOIR. Elsevier España, Barcelona, Bio-
mecánica y arquitectura corneal. 2014:165-184.

22.  Montalbán R, Alio JL, Javaloy J, Piñero DP. Correlation of an-
terior and posterior corneal shape in keratoconus. Cornea. 
2013;32(7):916-921. doi:10.1097/ICO.0b013e3182904950

23.  Kang MJ, Byun YS, Yoo YS, Whang WJ, Joo CK. Long-term 
outcome of intrastromal corneal ring segments in keratoco-
nus: five-year follow up. Sci Rep. 2019;9(1):315. doi:10.1038/
s41598-018-36668-7

24.  Arbelaez JG, Arbelaez MC. Efficacy of progressive thickness in-
trastromal corneal ring segments in the treatment of duck phe-
notype keratoconus. Eur J Ophthalmol. 2021;11206721211001
722:11206721211001722. doi:10.1177/11206721211001722

25.  Utine CA, Ayhan Z, Durmaz Engin C. Effect of intracorneal ring 
segment implantation on corneal asphericity. Int J Ophthalmol. 
2018;11(8):1303-1307.

26.  Alfonso JF, Fernández-Vega Cueto L, Baamonde B, Merayo-
Lloves J, Madrid-Costa D, Montés-Micó R. Inferior intrastro-
mal corneal ring segments in paracentral keratoconus with 
no coincident topographic and coma axis. J Refract Surg. 
2013;29(4):266-272. doi:10.3928/1081597X-20130318-06

27.  Vega-Estrada A, Alio JL, Brenner LF, et al. Outcome analysis of 
intracorneal ring segments for the treatment of keratoconus based 
on visual, refractive, and aberrometric impairment. Am J Oph-
thalmol. 2013;155(3):575-584.e1. doi:10.1016/j.ajo.2012.08.020

28.  Pérez-Merino P, Ortiz S, Alejandre N, Jiménez-Alfaro I, Marcos 
S. Quantitative OCT-based longitudinal evaluation of intracor-
neal ring segment implantation in keratoconus. Invest Ophthal-
mol Vis Sci. 2013;54(9):6040-6051. doi:10.1167/iovs.13-12401

29.  Wilde CL, Naylor SG, Varga Z, Morrell A, Ball JL. Keraring 
implantation using the Zeiss Visumax femtosecond laser in 
the management of patients with keratoconus. Eye (Lond). 
2017;31(6):916-923. doi:10.1038/eye.2017.13

30.  de Freitas Santos Paranhos J, Avila MP, Paranhos A Jr, Schor P. 
Visual perception changes and optical stability after intracor-
neal ring segment implantation: comparison between 3 months 
and 1 year after surgery. Clin Ophthalmol. 2011;5:1057-1062. 
doi:10.2147/OPTH.S23147



TABLE A
Visual and Refractive Changes in the Sample Evaluated

Parameter Preoperative 3 Months Postoperative P
Sphere (D) < .001

Mean ± SD -2.98 ± 3.19 -1.71 ± 2.48
Median (range) -1.50 (-14.00 to 0.00) -1.00 (-11.00 to 1.50)

Cylinder (D) < .001
Mean ± SD -4.14 ± 1.30 -1.66 ± 0.84
Median (range) -4.00 (-7.25 to -2.00) -1.50 (-4.00 to -0.25)

Spherical equivalent (D) < .001
Mean ± SD -5.05 ± 3.42 -2.54 ± 2.59
Median (range) -4.13 (-17.00 to -1.75) -1.88 (-12.50 to 1.25)

J0 (D) .213
Mean ± SD 0.43 ± 1.29 0.14 ± 0.59
Median (range) 0.34 (-1.78 to 3.59) 0.21 (-1.48 to 1.30)

J45 (D) .232
Mean ± SD -0.25 ± 1.71 0.04 ± 0.72
Median (range) -1.00 (-2.73 to 2.82) 0.25 (-1.83 to 1.35)

B (D) < .001
Mean ± SD 5.55 ± 3.33 2.85 ± 2.42
Median (range) 4.74 (2.02 to 17.26) 2.30 (0.71 to 12.59)

CDVA (logMAR) < .001
Mean ± SD 0.44 ± 0.11 0.22 ± 0.13
Median (range) 0.40 (0.30 to 0.70) 0.22 (0.05 to 0.70)

D = diopters; SD = standard deviation; J0 and J45 = power vector components of astigmatism; B = overall blur strength; CDVA = corrected distance visual acuity



TABLE B
Corneal Topographic Changes in the Sample Evaluated

Parameter Preoperative 3 Months Postoperative P
K1 (D) .067

Mean ± SD 44.34 ± 1.93 43.75 ± 2.82
Median (range) 43.72 (41.65 to 49.21 43.77 (32.19 to 48.18)

K2 (D) < .001
Mean ± SD 48.66 ± 2.63 46.21 ± 2.31
Median (range) 48.39 (44.06 to 56.76) 45.76 (40.34 to 49.91)

Km (D) < .001
Mean ± SD 46.50 ± 2.15 44.98 ± 2.46
Median (range) 46.30 (43.30 to 51.36) 44.75 (37.20 to 48.83)

Asitgmatism (D) < .001
Mean ± SD 3.55 ± 1.07 2.00 ± 0.94
Median (range) 3.60 (1.60 to 5.20) 2.10 (0.70 to 5.30)

I-S (D) < .001
Mean ± SD 7.04 ± 2.82 4.25 ± 2.50
Median (range) 6.55 (2.25 to 16.16) 3.78 (0.28 to 12.00)

SRI .204
Mean ± SD 1.35 ± 0.21 1.25 ± 0.33
Median (range) 1.39 (0.86 to 1.80) 1.30 (0.58 to 1.94)

SAI < .001
Mean ± SD 2.46 ± 0.93 1.80 ± 1.00
Median (range) 2.44 (0.91 to 4.85 1.48 (0.64 to 4.43)

Q < .001
Mean ± SD -0.64 ± 0.25 -0.37 ± 0.23
Median (range) -0.67 (-1.13 to -0.15) -0.32 (-1.11 to 0.10)

Primary coma RMS (µm), 5 mm < .001
Mean ± SD 1.57 ± 0.41 0.92 ± 0.32
Median (range) 1.51 (0.72 to 2.56) 0.92 (0.23 to 1.86)

Primary SA (µm), 5 mm .007
Mean ± SD 0.78 ± 0.40 0.49 ± 0.38
Median (range) 0.66 (0.21 to 1.61) 0.38 (0.02 to 1.45)

Trefoil RMS (µm), 5 mm .238
Mean ± SD 0.61 ± 0.32 0.55 ± 0.26
Median (range) 0.62 (0.09 to 1.30) 0.52 (0.18 to 1.23)

Irregular HOA RMS (µm), 5 mma < .001
Mean ± SD 4.58 ± 2.48 2.69 ± 1.10
Median (range) 4.40 (1.44 to 13.16) 2.30 (1.12 to 5.70)

K1 = corneal power in the flattest meridian; D = diopters; SD = standard deviation; K2 = corneal power in the steepest meridian; KM = mean corneal power; I-S = 
inferior-superior asymmetry; SRI = surface regularity index; SAI = surface asymmetry index; RMS = root mean square; HOA = higher order aberrations 
aThe irregular HOA RMS is calculated for all HOA measured excluding primary coma, spherical aberration, and trefoil.


